A novel highly efficient, fiber-compatible spectrally encoded imaging (SEI) system using a 45° tilted fiber grating (TFG) is proposed and experimentally demonstrated for the first time. The TFG serves as an infiber lateral diffraction element, eliminating the need for bulky and lossy free-space diffraction gratings in conventional SEI systems. Under proper polarization control, due to the strong tilted reflection, the 45° TFG offers a diffraction efficiency as high as 93.5%. Our new design significantly reduces the volume of the SEI system, improves energy efficiency and system stability. As a proof-of-principle experiment, spectrally encoded imaging of a customer-designed sample (9.6 mm × 3.0 mm) using the TFG-based system is demonstrated. The lateral resolution of the SEI system is measured to be 42 m in our experiment
Spectrally encoded imaging (SEI) is a new type of imaging technology, which maps transverse spatial coordinates of the object into wavelength of the illuminating light [1] . The unique one-to-one mapping between space and wavelength is achieved by using diffractive optical elements, such as a diffraction grating for 1D imaging [2] and the joint use of a virtually imaged phased array (VIPA) and a diffraction grating for 2D imaging [3] . SEI technique has attracted considerable research interests due to its features of wide options of illumination wavelength beyond visible light [4] , and a great number of resolvable points [5] . However, one difficulty associated with the SEI approach is the poor temporal resolution, which is mainly due to the limited speed in wavelength tuning or spectrum measurement. Recently, a new optical imaging scheme known as serial timeencoded amplified microscopy (STEAM) has enabled ultrafast SEI with unprecedented imaging speed of tens of MHz [3] . This is made possible by adopting a second one-to-one mapping from spectrum to a serial temporal data stream using chromatic dispersion with high-speed single-pixel detection. STEAM technology has been successfully applied in ultrafast laser scanning [6] and flowing particle screening [7] , showing great potential in real-time high-throughput measurements [8] .
A key element in both SEI and STEAM imaging systems is the diffractive optical device, which encodes the spatial information (image) into the optical spectrum. Diffraction gratings with high groove density are most commonly used due to their high angular dispersion. However, free-space diffraction gratings are usually costly and bulky, which makes miniaturization of SEI systems a real challenge. Most importantly, ruled or holographic diffraction gratings have limited diffraction efficiency (up to 75%) due to the inherent strong zeroth-order reflection. This problem becomes more severe if multiple gratings are used or the diffraction grating also collects light for imaging [3] [4] [5] [6] [7] [8] . In STEAM system, in particular, the need for both diffraction gratings and optical fibers to achieve space-to-wavelength mapping and wavelength-to-time mapping, respectively, also results in complex and lossy light coupling between fiber links and free-space optical components. These technical issues hinder widespread application of SEI and STEAM imaging techniques in real practice where low-cost, energy efficient and compact imaging devices are desired.
In this Letter, we propose and experimentally demonstrate a novel highly efficient, fiber-compatible SEI system. Here a 45° tilted fiber grating (TFG) is presented as a highly efficient, compact in-fiber lateral diffractive element in the SEI system, eliminating the need for bulky and lossy free-space diffraction gratings in conventional SEI systems [3] [4] [5] [6] [7] [8] . The experimental results indicate that the TFG has a significantly enhanced diffraction efficiency of 93.5%. Moreover, the TFG-based in-fiber diffraction scheme is more desirable in STEAM systems, as the TFG is inherently compatible with optical fibers that provide chromatic dispersion. Not only diffraction loss, but also coupling loss between free-space and fiber optics links will be greatly reduced. Therefore the TFG enables compact and more energyefficient SEI and STEAM systems.
A TFG is one type of fiber gratings with special characteristics. Its grating structure is tilted with respect to the fiber axis instead of perpendicular to it, which endows it with unique optical properties in comparison with normal fiber Bragg gratings (FBGs) and long period fiber gratings. The concept of TFG was first proposed by Meltz et al. in 1990 [9] , and the mode matching mechanism was analysed in great detail by Erdogan and Sipe [10] . In small angle (<10°) TFGs, the propagated light in the fiber core region will be coupled into both backward-propagating core mode and contra-propagating cladding modes, resulting in multiple resonances at the transmission spectrum. In a large angle (such as 45°) TFG, on the other hand, both types of mode couplings are not supported. The light propagation direction is enormously changed due to the largely titled grating structure, which results in direct lateral diffraction into open space in contrast of axial reflection in FBGs, as shown in Fig. 1 . In order to fulfil the phase matching condition of broadband side diffraction from the TFG, the lateral diffraction angle is thus strongly wavelength dependent, which makes the TFG a promising candidate for a compact, in-fiber diffractive element. A large angle TFG is a polarization-dependent device. One unique feature of 45° TFGs is that only s-polarized light can be significantly radiated out of fiber core and p-polarized light has a zero transmission loss, making the polarization dependent loss as high as ~40 dB [11] . This unique characteristics allows us to develop it as a highly efficient diffractive optical fiber element by properly controlling the polarization of the incident light. To ensure a high diffraction efficiency, the input light beam should be linearly polarized. Thanks to their unique optical properties, large angle TFGs have found a wide range of attractive applications including in-fiber polarizers [11, 12] , a miniature optical spectrum analyser [13] , and low-cost optical coherence tomography [14] . Here we propose and demonstrate, for the first time to our best knowledge, the utility of a 45° TFG in spectrally encoded imaging, leading to greatly enhanced energy efficiency, system stability, compactness, and fiber-compatibility. The structure of a 45° TFG is shown in Fig. 1(a) . When the incident light is sent to the TFG, broadband side diffraction is formed due to the largely tilted reflection along the grating structures. Light with different wavelength will be diffracted at different angles. The angular dispersion of the 45° TFG, which characterizes the change of diffraction angle corresponding to a small change in wavelength, is given by [13] ( )
where is the wavelength of incident light, is the angle of lateral diffraction. Apparently, a tilt angle of 45° ensures the maximum angular dispersion for a given optical wavelength. For light of 1550 nm, it is thus about 0.037°/nm. Taking the optical refraction at interfaces between fiber core, cladding and air into account, the actual theoretical value of angular dispersion in free space is 0.054°/nm. Fig. 1(b) illustrates the radial plane view of the lateral diffraction. The emitted light beam is divergent in the radial direction due to the cylindrical shape of the fiber. The divergent angle is related to the lateral numerical aperture (NA) of the fiber as sin( ) NA α = . For imaging purpose, a cylindrical lens is therefore required to collimate the light beam in the vertical (Y-) direction.
A 45° TFG was fabricated to function as an efficient in-fiber diffractive element in the proposed SEI system. The TFG was written directly into a standard telecom single-mode fiber (SMF-28) using the standard scanning phase mask technique with continuous-wave UV-light at 244 nm [15] . To achieve the required 45° slanted grating fringes, the phase mask was rotated by 33.3°. The fabricated TFG is 24 mm long, ensuring high efficiency of diffraction [11] .
Performance of the fabricated 45° TFG is first evaluated regarding the specification requirements for SEI. Fig. 2 shows the relation between the diffraction angle and the illuminating wavelength (red dotted black line) within a 30 nm spectral band (1530 -1560 nm). It is clearly seen that a linear relation (red line) is obtained. The angular dispersion of the 45° TFG is thus estimated to be 0.061°/nm from the measured results, which is in good agreement with theoretically predicted angular dispersion of 0.054°/nm. The discrepancy is mainly due to the measurement error. In addition, the 45° TFG offers a uniform intensity distribution of diffraction with fluctuation less than 0.3 dB across the entire 30nm bandwidth, as shown in Fig. 2 . Note that the measured diffraction power was not corrected according to the photodetector's response efficiency, which has a negligible wavelength dependence. Diffraction efficiency of the fabricated 45° TFG is also measured. As there is no Bragg reflection nor cladding mode coupling in large angle TFGs, when the incident light propagates in the TFG, a portion of it is diffracted into open space while the remaining part keeps propagating in the fiber core. Therefore, diffraction efficiency of the TFG is given by
where ()
P λ and () trans P λ are the total input, diffracted and transmitted optical power, respectively. Strength of lateral diffraction from the TFG is largely dependent on the polarization state of the input light with respect to the tilted grating structures [11] . Fig. 3 shows the measured maximum diffraction efficiency at a properly controlled polarization state of the linearly polarized incident light. The average diffraction efficiency of the TFG is as high as 93.5% across the broad wavelength range from 1530 to 1560 nm, which is much higher than that of normal free-space diffraction gratings. This verifies the utility of the 45° TFG as a highly efficient in-fiber diffractive element. Noting that the diffraction efficiency is also dependent on the length of the TFG [11] . More light can be diffracted by a longer TFG. However, there is an exponential decay in propagation direction for the emitted intensity profile. The diffracted beam pattern from the side of the TFG for a single input wavelength of 1545 nm is measured using a highlysensitive infrared sensor card and shown in the inset of Fig. 3 . It can be seen that our 24-mm long TFG offers strong diffraction while a longer TFG will provide even higher diffraction efficiency. To demonstrate the utility of the 45° TFG in a highly efficient SEI system, we constructed the experimental apparatus as shown in Fig. 4 . A wavelength swept laser (Agilent 8168E) was employed to provide broadband illuminating light. The main advantage of using a tunable laser rather than a broadband light source is that here sophisticated optical spectrum analyzer is not required and spectrum measurement can be done using a single-pixel photo-detector in a fast manner. Light from the laser was launched into the fiber containing the 45° TFG, where light was diffracted from one side of the TFG. As the lateral diffraction of light is strongly polarization-dependent, a polarization controller (PC) was employed to maximize the overall diffraction efficiency. The use of 45° TFG as an in-fiber diffraction element significantly reduces the volume of the imaging system as well as the optical insertion loss and the complexity of the system.
A cylindrical lens with a focal length of 20 mm was placed after the TFG for vertical beam collimation. The beam-width of the diffracted light is determined by the length of the TFG (inset, Fig. 3 ). The diffracted light beams with different wavelengths are largely overlapped in space. To achieve the unique space-to-wavelength mapping for SEI, a lens set is designed to focus different colours of light into separate spatial coordinates on the image plane. The lens set involves two plain-convex lenses with focal lengths of 250 mm and 200mm, respectively, separated by 130 mm.
Our SEI system operates in transmission mode, as shown in Fig. 4 , which has the advantages of zero reflection disturbance and low reception loss compared to conventional reflection mode SEI systems. As light can be coupled back from free space to TFG, our system can work in reflection mode as well, which is desired for non-transparent objects. A 2-dimensional (2D) sample with a size of 3.0mm by 9.6mm is used as the test target and placed in the image plane. After the light propagates through the target, the image was encoded onto the spectrum of the illuminating light thanks to the space-to-wavelength mapping. The spectrally encoded light is focused by another plainconvex lens and detected by a single pixel free space photo-detector (PD) with a large active area of 6 mm by 6 mm. Coupling loss from free space to the PD is minimal. The SEI image was finally reconstructed in the digital domain by decoding the spectrally encoded information. The test target is an opaque metal plate with four transparent letters "KENT". The width of strokes in the letters is around 0.6mm. Figure 5(a) shows the CCD image of the customer-designed test target. As a proofof-concept demonstration, vertical line scanning SEI imaging was carried out by rapidly sweeping the laser wavelength. The step of wavelength scanning is 0.1 nm and the scanning range is 21.5 nm from 1530 to 1551.5 nm. The 2D imaging was achieved by moving the target in the horizontal direction with a step of 30 m. The reconstructed darkfield 2D image of the target is shown in Fig. 5(b) , which clearly shows the word "KENT". The number of pixels in the captured target image is 320×215 (horizontal × vertical). The result firmly verifies the utility of the 45° TFG as an efficient diffractive element in SEI imaging. Figure 6 shows a vertical line scanning of the right part of letter "E", as shown in Fig. 5(a) . Grey shadow areas represent the opaque parts. TFG-enabled one-to-one mapping between the measured optical spectrum and the 1D target appears evident. The reconstructed 1D image matches well with the actual target. Lateral resolution of the TFGbased SEI imaging can be estimated by measuring the point spread function (PSF) of a sharp edge (such as the edges of three horizontal strokes in letter "E"). In our proof-of-concept experiment, lateral resolution of the SEI system is estimated to be 42 m, as shown in Fig. 6 . More study on the spatial resolution of our TFG-based SEI system is conducted with the results shown in Fig. 7 . The diffraction-limited spatial resolution is calculated to be 43 m based on the system parameters. According to the space-to-wavelength mapping relation, the wavelength scanning step of 0.1nm corresponds to a spatial resolution of 14 m in our system. Point A in Fig. 7 represents the measured resolution in our experiment, which is 42 m. Therefore, the spatial resolution of our system is diffraction limited. The main aim of this Letter is not to develop high-resolution microscopic imaging, but to demonstrate the first use of a 45° TFG as a highly efficient diffractive element for SEI applications. In fact, the diffraction-limited resolution of our system can be improved by using a high-quality objective lens with shorter focal length and larger numerical aperture. The angular dispersion and diffracted beam size are intrinsic for a given 45° TFG. The field-of-view (FOV) and spatial resolution of the imaging system can be adjusted in the free space. For a given lens system, the two parameters are related: higher spatial resolution comes with a smaller FOV. However, the FOV can be further adjusted by changing the spectral bandwidth of the light source.
High-speed realization of SEI, such as STEAM [3] , can be implemented by replacing the continuous-wave tunable laser with an ultrafast wavelength-swept light source, which can be made possible by temporally stretching the broadband spectrum of a mode-locked pulsed laser using chromatic dispersion [3] . The imaging speed is then determined by the repetition rate of the pulsed laser, which can be as high as 1 GHz [16] . The TFG is particularly attractive in this ultrafast SEI scheme, as it is inherently compatible with optical fibers or chirped fiber Bragg gratings that provide chromatic dispersion.
In summary, we proposed and experimentally demonstrated a new compact and highly efficient spectrally-encoded imaging system based on a 45° TFG. The TFG served as an in-fiber diffractive element to replace the bulky and lossy free-space diffraction gratings in conventional SEI systems. A 24-mm long 45° TFG was fabricated with its angle dispersion and lateral diffraction efficiency measured to be 0.061°/nm and 93.5%, respectively, across a wide spectral range from 1530 to 1560 nm. As a proof-of-concept demonstration, 2D scanning imaging of a customized target was performed using the TFG-based SEI system. The spatial resolution is measured to be 42 m, which is diffraction limited. This new design significantly improves the efficiency and reduces the volume, complexity and optical insertion loss of the conventional SEI systems, thus holding great potential in practical applications where portable and low-cost SEI systems are required. In addition, ultrafast SEI can be performed in real-time by adding a timestretch dispersive Fourier transform configuration. Our technique is particularly promising for ultrafast real-time SEI systems as the TFG disperser is inherently compatible with optical fibers that achieve dispersive Fourier transform.
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